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Hollow core photonic crystal fiber based viscometer
with Raman spectroscopy
2
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The velocity of a liquid flowing through the core of a hollow core photonic crystal fiber (driven by
capillary forces) is used for the determination of a liquid’s viscosity, using volumes of less than 10 nl.
The simple optical technique used is based on the change in propagation characteristics of the fiber
as it fills with the liquid of interest via capillary action, monitored by a laser source. Furthermore,
the liquid filled hollow core photonic crystal fiber is then used as a vessel to collect Raman scattering
from the sample to determine the molecular fingerprint of the liquid under study. This approach has
a wide variety of indicative uses in cases where nano-liter samples are necessary. We use 10–12 cm
lengths of hollow core photonic crystal fibers to determine the viscosity and Raman spectra of small
volumes of two types of monosaccharides diluted in a phosphate buffer solution to demonstrate the
principle. The observed Raman signal is strongest when only the core of the hollow core photonic
crystal fiber is filled, and gradually decays as the rest of the fiber fills with the sample. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4771659]
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I. INTRODUCTION20
Hollow core photonic crystal fibers (HC-PCFs)1–3 have21
attracted a lot of interest due to the possibility of inserting22
liquids into the capillaries for optical sensing in biological4, 523
and chemical applications.6 These applications tend to exploit24
its main optical property called the photonic bandgap (PBG)25
effect,7, 8 where light guidance occurs within the hollow core26
only for certain wavelengths. Another interesting effect in27
such fibers, also used in sensing, is the bandgap shift that28
occurs when all capillaries are filled with a liquid sample.929
In this case, light propagation occurs at significantly shorter30
wavelengths than the original PBG. The shift in PBG can be31
estimated utilizing scalar wave equations.8 Finally, if only the32
core of the fiber is selectively filled, the optical propagation33
once again changes, with the physical mechanism changing34
from PBG to index-like guidance.10 In this paper, we exploit35
all these changes in propagation properties during the inser-36
tion of a liquid into the fiber in order to determine its dynamic37
viscosity by its flow through the hollow capillaries. The flow38
of liquids through ordinary capillaries has been extensively39
studied and is widely used to determine viscosities.11 Com-40
pared with current commercially available capillary viscome-41
ters (1–10 ml volume samples required), the proposed tech-42
nique here requires only nanoliter quantities of liquid for any43
measurement.44
The technique shown here was tested using phosphate45
buffer saline (PBS) solutions of the monosaccharides glu-46
cose and fructose across a range of concentrations. Monosac-47
charides are ubiquitous in life and food sciences,12 e.g., as48
a source of energy in living organisms and as a fundamen-49
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tal ingredient in food for the enhancement of flavour or as a 50
preservative. Knowing the viscosity of saccharide solutions, 51
for example, is important for the measurement of the degree 52
of sweetness.13 Here we will also show that, with a slight 53
modification, it is possible to characterize the composition of 54
the liquid sample via the detection of vibrational Raman scat- 55
tering within the hollow core. HC-PCF has been shown to be 56
an excellent medium for the collection of Raman scatter14, 15 57
when it is filled with solutions for two reasons: (a) the resul- 58
tant wavelength shift with a broad PBG window enables the 59
guiding of both the excitation light and the Raman scatter at 60
visible wavelengths through the fiber directly to the detector, 61
leading to high collection efficiencies; and (b) the possibility 62
of filling long lengths of fibers enhances the light-liquid in- 63
teraction path length and increases the measurement sensitiv- 64
ity. Therefore, this viscometer system can provide informa- 65
tion about the molecular identity of the solution in question 66
without extensive further analysis. 67
II. NANOLITER VISCOMETER 68
A. Principle 69
In this paper, we use a simple force model derived 70
from Nielsen et al.,16 which is based on the Lucas-Washburn 71
equation.17 The Lucas-Washburn equation describes the time 72
it takes for a liquid to flow through a capillary. This allows us 73
to determine the time it takes to fill a certain length of HC- 74
PCF, and thus the average velocity of the liquid flow. This 75
model takes into account all forces that affect capillary flow: 76
the capillary and overpressure forces, which are balanced by 77
frictional and gravitational forces. In our experiments, over- 78
pressure was not applied and gravity can be neglected due to 79
the small core radius of the HC-PCF (typical radius ∼5 μm). 80
We ignore the initial condition of zero velocity, which should 81
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produce negligible error due to the length of fiber used here.82
The model also assumes laminar flow and that the contact an-83
gle with the capillary walls remains constant throughout the84
filling process. This is a reasonable assumption, given the en-85
vironmental conditions are stable and only Newtonian liquids86
are considered. Thus, the average flow velocity (v) will de-87
pend on the liquid’s surface tension (σ ) and viscosity (μ) and88
on the capillary radius (r ∼ 5 μm),89
v =
( r
2L
)(σ
μ
)
= L
t
, (1)
and is simply given by the ratio of fiber length (L ranging90
from 10–12 cm) to filling time (t). This relationship is unique91
to each liquid.18 When the liquid’s surface tension, the fiber92
length, and capillary radius are known, and the filling time is93
measured, the viscosity can be determined using Eq. (1).94
In order to determine the surface tension of a solution95
with a given solute concentration of C, a well-known linear96
approximation utilizing static parameters may be used:1997
σ =
(
σw + σ
C
C
)
cosθ, (2)
where σw is the surface tension of the solvent (PBS in our98
case), with a constant σ /C = 1.3 × 10−3 (N m−1)/M1999
for both glucose and fructose, and cos θ is the angle that the100
meniscus makes with the capillary walls. To determine the101
surface tension σ , the system is calibrated with the solvent102
only (C = 0). This is done by measuring the average flow ve-103
locity of the solvent PBS, and calculating the surface tension104
σ in Eq. (1), using the viscosity value from the literature.20105
The value found for σ is then inserted into Eq. (2) to deter-106
mine the cosine of the contact angle, taking σw = 0.0695 N/m107
from literature.21 In this experiment, the angle θ was esti-108
mated to be ∼50◦, using our results and known values for109
PBS. The viscosities of the saccharide solutions outlined in110
Sec. II D were then determined with Eq. (1) using the surface111
tension from Eq. (2) and the measured average velocity of the112
fluid.113
B. Experimental setup114
The fiber chosen was HC-PCF-1060 (NKT Photonics115
A/S), with an original primary PBG at 1060 nm, a secondary116
PBG at 735 nm, and a hollow core radius of ∼5 μm. The fiber117
core had a volume of 9.4 nl for a length of 12 cm. The total118
cross-sectional radius of the microstructure was 25 μm. For119
all experiments in this paper, the fiber segments were cleaved120
and not subjected to chemical pre-treatment.121
The experimental setup used to determine the aver-122
age velocity is schematically illustrated in Fig. 1. Two123
laser sources were used. The first was a supercontinuum124
source (SC) used for alignment of the empty fiber us-125
ing a bandpass filter at 1050 nm (with 10 nm FWHM)126
and subsequently for characterizing the light propagation127
changes during fiber filling. This is discussed in more de-128
tail in Sec. II C below. The SC source consisted of a129
semiconductor-pumped Q-switched Nd:YAG laser at 1064130
nm (6.85 kHz repetition rate, ∼0.55 ns pulses, 73.5 mW av-131
erage power), which pumped a highly nonlinear fiber (SC132
FIG. 1. Schematic of the viscometer experimental setup. A supercontinuum
source (SC) was used to align the fiber with the aid of a ×40 objective lens
(L) to focus the light to the fiber. A flip mirror was used to guide 633 nm
light during the fluid flow within the fiber. The output signal was collimated
by a ×10 objective lens, and divided by a beam splitter (BS) to enable light
monitoring by a photodiode (PD) and a charged coupled detector (CCD).
5 1040, Blaze Photonics) and generated a broadband emis- 133
sion over the wavelength range (∼400–1750 nm). The sec- 134
ond source was a continuous wave (cw) HeNe laser (∼1 mW, 135
633 nm) used in order to determine the average velocity of the 136
liquid flowing through the fiber. In order to maintain the ini- 137
tial alignment, a flip-mirror was inserted in the setup to easily 138
switch between optical sources. Light at 633 nm should ini- 139
tially experience high-loss because it falls outside the PBG of 140
the empty fiber. However, once the fiber is filled with a liquid 141
of refractive index ∼1.33, the predicted PBG shift9 would be 142
centered at ∼600 nm with a bandwidth of ∼200 nm, enabling 143
low-loss transmission of the HeNe laser light. 144
The collimated laser light was focused into the HC-PCF 145
by a ×40 objective lens. Fiber segments of 10–12 cm in length 146
were chosen, which were long enough to enable accurate op- 147
tical alignment, and yet short enough to limit the measure- 148
ment time and to prevent excessive temperature variations. 149
The fiber tips had their cladding jacket removed, 2 cm from 150
each end, in order to allow cleaving of the ends for better light 151
coupling. 152
Viscosity is strongly temperature dependent, and gener- 153
ally increases exponentially with decreasing temperature.22 154
As such, steps were taken to ensure the fiber sample was 155
kept at constant temperature along its length during the mea- 156
surement. The schematic of our temperature control system is 157
shown in Fig. 2. The xyz optical positioning stage (not shown 158
in Fig. 2) holding the fiber was fitted with a 5-cm-long cop- 159
per casing which kept the temperature of the fiber at 29.0 160
± 0.1 ◦C with the aid of a thermoelectric Peltier cooler (TEC). 161
The temperature was monitored by a thermistor positioned 162
FIG. 2. Schematic for fiber holder and temperature control system for the
HC-PCF (not to scale). Liquid is inserted into the reservoir on the right and
the flow inside the fiber occurs from right to left of the figure. The laser light
is launched at the left side of the figure, and detected by the PD and CCD at
the right side via the PMMA window.
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FIG. 3. Cross-sectional images of a HC-PCF-1060 showing its dynamic fill-
ing (a)–(e) observed via an optical microscope. The water reservoir, in this
case, was placed at the other end of the fiber. The images show that the core
fills faster (b) than the outer capillaries due to the difference in capillary
radius.
just above the groove where the fiber was held in place. The163
fiber then exited the copper enclosure and entered the empty164
liquid reservoir through a series of plastic connectors in order165
to avoid leakage of the liquid when the reservoir is later filled.166
The reservoir had a small polymethyl methacrylate (PMMA)167
window on the detector side in order to allow the transmitted168
light to be collected. The reservoir was also maintained at a169
constant temperature, with an additional TEC and thermistor170
monitor placed at the side of the copper reservoir. Tempera-171
ture could not be controlled within the plastic connectors, but172
this part of the fiber was kept to a minimum. These measures173
helped to minimize temperature gradients along the HC-PCF174
length.175
To detect the propagation changes, the output of the fiber176
was collimated with a ×10 infinity corrected lens (Fig. 1) to177
monitor the power of the light transmitted by the fiber. A beam178
splitter was added to facilitate initial alignment and near field179
monitoring with a charged coupled detector (CCD) camera180
(color sensor Sony ICX204AK). The signal from the low-181
speed photodiode (PD) (Silicon, active area 13 mm2, 350–182
1100 nm, cathode grounded) was recorded with an analog-to-183
digital converter connected to a computer. The CCD images184
were recorded via USB at 30 frames/s.185
C. Viscosity results186
An optical microscope (Nikon Eclipse ME600) was used187
to understand the filling process in real time, as shown in188
Fig. 3. The HC-PCF-1060 was filled by water at one end and 189
observed by an optical microscope with a magnification of 190
×50 at the other. The images initially show the empty fiber 191
(Fig. 3(a)), the point in time where only the core is filled 192
(Fig. 3(b)), a sequence of gradual filling of the capillaries 193
(Figs. 3(c) and 3(d)), and finally when the entire fiber is fully 194
filled (Fig. 3(e)). The core fills faster than the capillaries due 195
to its larger diameter, as expected by Eq. (1). 196
As a consequence, the light propagation during the filling 197
process will also dynamically change, and different ranges of 198
wavelengths will propagate at the different stages exempli- 199
fied in Fig. 3. To illustrate the wavelength dependent propa- 200
gation features, a selection of near-field color-sensitive CCD 201
images was taken during the filling process and shown in 202
Fig. 4 for a fiber sample of 10 cm. For that purpose, the 203
broadband emission from the SC source was used to measure 204
the light transmission during the filling. Initially (t = 0 s), 205
only light at wavelengths within the original primary PBG 206
centered around 1060 nm and secondary PBG are guided, 207
as the reservoir is empty (Fig. 4(b)). Note that near-infrared 208
wavelengths are detected by the CCD and are shown in 209
Fig. 4(b) as an intense violet color. With increasing time, 210
the filling fiber displays several guidance mechanisms. First, 211
guidance by PBG effect dominates initially as the fiber is 212
empty, and then changes to index guiding (once the core is 213
fully filled), and finally to wavelength-shifted PBG (when all 214
capillaries are filled). In more detail, while the fiber is ini- 215
tially filling, the HC-PCF segment at the laser side of the fiber 216
is still empty, therefore the original PBG dominates and light 217
at wavelengths outside the PBG bandgap are scattered. On 218
the detector side of the fiber, however, where the fluid is fill- 219
ing the capillaries, some of the scattered light is able to cou- 220
ple back into the core either by index-like guiding or by the 221
PBG shift (Fig. 4(c)). Eventually, after 114 s (Fig. 4(d)), the 222
core is completely filled, the image from the CCD is satu- 223
rated as an index-like guiding mechanism allows for a broad 224
range of visible wavelengths to be propagated. After 340 s 225
(not shown in Fig. 4), all capillaries are filled, and a PBG 226
shift was observed. Evidence of this is shown in Figs. 4(e) 227
and 4(f), when bandpass filters (FWHM 10 nm) centered at 228
FIG. 4. (a) Image of the cross section of the HC-PCF-1060 fiber segment used taken by a Nikon Eclipse ME600 optical microscope. (b)–(d). Near-field images
of the fiber transmitting broadband light from a supercontinuum source at different stages during the filling process. (d) Image of the fiber at 114 s when the
core is filled. Panels (e) and (f) show pictures of the fiber where the light is transmitted through bandpass filters centered at 550 nm and 650 nm, respectively.
Note: The CCD camera is light sensitive between 400 nm and 1100 nm. (g) Transmission spectra of 10 cm fiber segment when empty (blue triangles), core-only
filled (purple squares), and fully filled (green circles). Also shown is the emission spectrum of the supercontinuum waveband (black diamonds.) Insets are the
corresponding images depicting the filling states of the fiber in conjunction with the spectral outputs of the fiber for each filling state.
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550 nm and 650 nm, respectively, were inserted to confirm229
the broad range of wavelengths guided between ∼500 and230
800 nm.231
The output spectrum of the HC-PCF was measured using232
an optical spectrum analyser (OSA), when the SC source was233
launched to the fiber, as in Fig. 1. The results are presented234
in Fig. 4(g), exemplifying the changes in guidance properties235
for the three different filling configurations: empty, core-only236
filled, and fully filled. The blue spectrum (triangles) shows237
guidance by the original PBG (Fig. 4(b)), with a maximum at238
1060 nm, and a secondary band at ∼735 nm. The purple spec-239
trum (squares) was recorded when only the core was filled,240
and where index guiding is the dominant guiding mechanism241
(Fig. 4(d)). This transmission exhibits two distinct peaks: the242
first, at 1060 nm, relates to the original PBG determined by243
the cladding capillaries structure, and a broadband guidance244
centered at ∼810 nm, due to index guiding effect. This broad-245
band guidance had 3 dB (equivalent to a full width half max-246
imum) and 20 dB bandwidths of at least 150 nm and 440 nm,247
respectively, and the spectrum is clipped at lower wave-248
lengths due to the non-optimal condition of the supercontin-249
uum source used at the time, as observed in the black spec-250
trum (diamonds). The spectrum represented by green circles251
was measured when the entire fiber was filled with water. The252
spectrum features a shifted PBG at ∼750 nm (Figs. 4(e) and253
4(f)), with a 3 dB bandwidth of at least 100 nm and a 20 dB254
bandwidth of 280 nm, respectively. The response of our SC255
source at lower wavelengths needs to be taken into consider-256
ation when analysing the PBG shift for the fully filled fiber.257
The observations from Fig. 4 tell us that, with careful258
selection of the hollow core fiber and light sources, optical259
propagation can be either suppressed or supported depending260
on the filling state. Based on this principle, it is reasonable261
to expect that the use of a narrow-band source (in our case,262
a HeNe laser at 633 nm) will allow monitoring of the filling263
evolution of the core and the capillaries of a HC-1060 fiber,264
and hence determine the viscosity properties of the respective265
sample fluid.266
Figure 5 shows the results obtained using the experi-267
mental setup from Fig. 1. After fiber alignment with the268
FIG. 5. HC-1060 fiber transmission at 633 nm as a function of time during
the filling process. The fiber was filled with a 0.5 M solution of glucose in
water in this example. The transmission is represented by the signal of the
PD in units of volts. Insets show the near-field images of the output of the
HC-PCF, captured by the CCD camera at different times.
SC source, light coupling optimization with the HeNe laser 269
source, and temperature stabilisation, the aqueous solution 270
was inserted into the reservoir. Figure 5 shows the fiber trans- 271
mission as a function of time, detected by the PD. Although 272
no-guidance at the core was expected for the empty fiber at t 273
= 0, a signal was still observed. We believe this is due to a 274
small amount of scattered light from the core becoming con- 275
fined in the solid cladding. Inserting the aqueous solution into 276
the reservoir caused a sudden drop in the PD signal at ∼10 s. 277
The initially decreasing PD signal in Fig. 5 was caused by 278
changes in the output alignment of the fiber to the PD, due 279
to refraction of the exiting beam when the liquid was inserted 280
into the reservoir. However, this sudden drop also defined the 281
start time t0 for the filling process, and from here onwards the 282
coupling remained constant. As the capillaries begin to fill, 283
the change in the propagation properties is apparent. A rapid 284
increase in transmission was observed just before t ∼ 200s, 285
which we believe coincides with the onset of index-guided 286
propagation resulting from the filling of the fiber core. Once 287
the core was fully filled after t ∼ 185 s, the transmission re- 288
mained almost constant. 289
A measurement of the core filling time is sufficient to 290
determine the average velocity for the viscosity analysis as 291
described in Sec. II A. Nevertheless, as the filling continued 292
through the cladding capillaries, modal competition within 293
the core was observed until the capillaries were completely 294
filled after 900 s. The insets in Fig. 5 show the propagation 295
changes captured by the CCD camera at different times dur- 296
ing the filling. 297
D. Analyses for glucose and fructose solutions 298
in PBS 299
To demonstrate the principles of operation of the pro- 300
posed viscometer, phosphate buffer saline (PBS, purchased 301
in tablet form from Sigma-Aldrich) was prepared by dissolv- 302
ing one PBS tablet in 200 ml of purified water to obtain 303
137 mM NaCl, 2.7 mM KCl, and 10 mM phosphate buffer 304
solution. Solutions of D-(+)-glucose, ≥99.5% in PBS and D- 305
(−)-fructose, ≥99% (Sigma-Aldrich) in PBS were prepared 306
at concentrations ranging from 10−4 M to 1 M. 307
The average filling velocity (〈v〉) was measured for these 308
solutions as a function of concentration.23 In Fig. 6(a), red 309
diamonds (closed symbol) and blue squares (open symbol) 310
represent the results for glucose and fructose solutions, re- 311
spectively. For concentrations below 0.01 M, 〈v〉 appears to 312
be constant with an average value of (1.1 ± 0.2) mm s−1. 313
The error was estimated from the uncertainty in measuring 314
length and filling times of the fiber. The random variations of 315
〈v〉 for concentrations below 0.01 M are probably due to tem- 316
perature fluctuations between measurements or temperature 317
gradients within the setup. Above this concentration level, 318
surface tension19 and viscosity values increase. There is a 319
notable decrease in the average velocity due to the decrease 320
in the ratio of surface tension to viscosity. The experimen- 321
tal data in Fig. 6(a) were plotted and compared with a con- 322
centration dependant model based on Eq. (2) and a well- 323
known relationship between viscosity and concentration from 324
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FIG. 6. Results obtained with the proposed viscometer. (a) Experimental average velocities for PBS solutions of glucose (red, closed diamond symbols) and
fructose (blue, open squash symbols) for different concentrations at 29 ◦C. Red dashed line and blue dotted line are a ratio of Eq. (2) to Eq. (3), determined
from literature.20, 23, 27–29 (b) Measured viscosity from 〈v〉 with concentration for the glucose (red, closed diamond symbols) and fructose (blue, open squash
symbols) in PBS solutions. The red dashed and blue dotted lines are fitted using Eq. (3) and data from the literature,20, 27–29 also presented in Table I.
Jones et al.24325
μ (C) = μw + A
√
C, (3)
where μw is the viscosity of the solvent and A is a param-326
eter that depends on the solute. The value for μw is taken327
from literature to be 1.002 mPa s20 and A is calculated from328
literature20, 26–28 by fitting Eq. (3) to the values outlined in329
Table I. For glucose, A = 6.08 × 10−4 (Pa s)/(M1/2) and for330
fructose, A = 6.01 × 10−4 (Pa s)/(M1/2). The ratio of Eq. (2) to331
Eq. (3) (σ (C)/μ(C)) times a constant (r/2L) is then compared332
to the data acquired for the velocity of liquid flow in Fig. 6(a)333
for glucose (dashed red line) and fructose (dotted blue line)334
solutions.335
The results for glucose and fructose are very similar,25, 26336
as expected due to their similar physical parameters.337
TABLE I. Viscosity values from literature for saccharide solutions in water.
Concentration Viscosity glucose Viscosity fructose
(M) (mPa s) (mPa s) Reference
0.028 1.01 1.01 Mathpal et al.27
0.056 1.02 1.02
0.084 1.03 1.04
0.112 1.05 1.05
0.14 1.06 1.06
0.168 1.08 1.08
0.196 1.09 1.09
0.224 1.11 1.10
0.252 1.12 1.12
0.28 1.14 1.13
0.308 1.16 1.14
0.336 1.17 1.16
0 1.002 Comesaña et al.20
0.5 1.26
1 1.59
1.5 1.99
0.27 1.36 1.26 Migliori et al.28
0.56 1.58 1.43
1 2.13 2.09
0.56 1.07 1.02 Telis et al.29
1 1.68 1.59
The concentration-dependent viscosity was determined with 338
Eq. (1), using surface tension values from Auman et al.19 and 339
Eq. (2) as described in Sec. II A. The results are shown in 340
Fig. 6(b), in comparison with a selection of data from the 341
literature,20, 27–29 which are represented by open symbols and 342
outlined explicitly in Table I. The viscosity measurements 343
from the literature were determined at similar temperatures 344
in aqueous solutions, but different experimental approaches 345
were utilized. Looking at the trends in Fig. 6(b), for low con- 346
centrations the changes in viscosity are expected to be within 347
the error limit, as the amount of saccharide added to the sol- 348
vent is very small. For higher concentrations, however, the 349
viscosity becomes sensitive to the solute concentration. 350
Figure 6(b) illustrates this dependence of the viscosity with 351
increasing saccharide concentrations above 0.1 M, showing 352
that the technique proposed here gives similar results than 353
other well established techniques, with the advantages of 354
small volumes being handled. 355
Although only saccharide solutions were used as test 356
cases, it is evident that this is an effective technique for ana- 357
lyzing the viscosity of liquids in a simple optical setup, which 358
could be miniaturized for a wide range of applications. 359
III. RAMAN SPECTROSCOPY USING HC-PCF 360
Small modifications to our setup can be implemented to 361
allow Raman scattering measurements to be taken in real time 362
as the HC-PCF fills, or after the filling process when the fluid 363
is stable within all capillaries. The detection of Raman scatter 364
from a sample mixture is a powerful analytical tool to identify 365
individual molecular species within a sample. It is known that 366
HC-PCFs can be used to increase the light-sample interaction 367
path length and at the same time improve the light collec- 368
tion efficiency of Raman scattering.15, 30 Here we show that 369
the Raman scattering can be incorporated with the viscometer 370
technique, enabling dynamic analysis of the fluid while fill- 371
ing the capillaries. From our results, we identify that the opti- 372
mum time to take a Raman signal is when the core of the fiber 373
alone is filled with the liquid sample. During the subsequent 374
filling of the capillaries in the micro structured cladding, the 375
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FIG. 7. Experimental setup for backscattered Raman experiments, after
alignment as outlined in Sec. II B. Laser light from a frequency doubled cw
Nd:YAG laser was launched to the HC-PCF via a beam splitter (BS) and a
×40 lens (L). While the transmitted signal was monitored via a CCD camera
and a PD, as in Fig. 1, the backscattering was collected via a lens, a notch
filter (NF) to block the excitation beam, and cooled Andor spectrometer.
inelastic scattering signal decreases by typically 40%-60%376
when the entire fiber is filled.377
A. Experimental setup378
A frequency doubled continuous wave (cw) Nd:YAG379
laser (∼10 mW at 532 nm) was used to optically pump the380
sample. The Raman scatter was detected with a backscatter381
configuration, as shown in Fig. 7. Raman backscatter was col-382
lected using a ×40 infinity correction lens, which was also383
used to focus the light into the fiber initially. The backscat-384
tered light passed through a beam splitter and a notch filter385
centered at 532 ± 17 nm (suppression 10−6) to block light386
at the excitation wavelength. The inelastic (Raman) backscat-387
ter was focused onto a light guide with a lens. The light guide388
(fiber bundle with round entrance aperture and “slit” exit aper-389
ture) was connected to a polychromator with back-illuminated390
and cooled CCD detector (Andor DV401, −30 ◦C) with a res-391
olution of 0.2 nm. The output of the fiber in the forward scat-392
tering regime is continuously monitored by a CCD camera393
and PD, as detailed in Sec. II B, and shown in Fig. 1 (detector394
side).395
Precise control of the light guidance was crucial, and the396
positioning of the lenses, beam splitter, and the HC-PCF seg-397
ment in the setup was adjusted to maximize the collection of398
the Raman signal. Backscattered Raman signal from the silica399
cladding can decrease the sensitivity of our measurement, and400
slight optical misalignments will lead to a significant decrease 401
of the signal-to-noise ratio. 402
B. Raman spectra of saccharide solutions 403
The setup was used to identify the well-known spectra 404
for solutions of glucose and fructose diluted in PBS inside 405
a fully filled HC-PCF, shown in red and blue in Fig. 8, re- 406
spectively, and for the wavenumber range between 290 and 407
3900 cm−1 with an integration time 60 s. To obtain the spectra 408
in Fig. 8, a background spectrum for a fiber filled with solvent 409
PBS only was subtracted, accounting for any scattering from 410
the fiber itself and PBS. The light guiding properties of the 411
fiber may cause the resulting Raman scatter intensities to dif- 412
fer slightly to those acquired from a bulk sample. However, 413
the spectral region addressed comprises the characteristic 414
C–O and C–C stretch vibrations at 900, 1100, and 1350 cm−1 415
for glucose and 600, 1230, and 1430 cm−1 for fructose, al- 416
lowing the identification of the two monosaccharides.31 417
C. Simultaneous viscometer and Raman analysis 418
To demonstrate the feasibility of integrating the vis- 419
cometer with the Raman scattering setup, a kinetic series of 420
Raman spectra was collected during the filling of a 12 cm 421
HC-PCF with 1 M glucose solution. The same experimental 422
procedure described in Sec. II B was applied, by exchanging 423
the HeNe laser (centered at 633 nm) with a cw frequency- 424
doubled Nd:YAG laser at 532 nm. A series of 800 Raman 425
backscatter measurements was taken, as the fiber was filled, 426
each measurement having an integration time of 1s, with 427
the wavenumber shift measured sequentially over a range of 428
4000 cm−1, and a selection of results is plotted in Fig. 9(a). 429
Initially no backscattering was observed until 350 s. This time 430
corresponds to the core of the fiber being filled by ∼90%. The 431
signal strength reached a maximum at ∼360 s, when the core 432
was fully filled, enabling propagation of broadband light, but 433
it decayed again after that. 434
In order to understand the dynamics of the Raman scat- 435
tering signal strength, one must look closely to the optical 436
propagation properties, as discussed in Sec. II C. Along with 437
the backscattering, the optical power through the fiber was 438
FIG. 8. Stokes Raman spectra for 1M (a) glucose (red) and (b) fructose (blue) in PBS solutions contained within a HC-PCF. Integration times for samples in
the HC-PCF was 60 s.31
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FIG. 9. Results for an integrated viscometer and Raman scattering system using a 12 cm HC-PCF for a 1 M glucose solution in PBS. (a) Dynamic Raman
backscatter taken every 1 s (integration time). (b) Transmission results for photodiode signal (black) during filling, normalised Raman signal at 3500 cm−1 (red
654 nm) and 350 cm−1 (green 542 nm) as a function of time.
also monitored with the assistance of a photodetector (shown439
as PD in Fig. 1). This signal, for the 532 nm pump, is plotted440
in Fig. 9(b) (black) showing that, at ∼360 s, a sharp increase441
in power is observed due to the core being completely filled.442
This is in agreement with the investigations in Sec. II C, where443
we show that if the core only is filled with a fluid, visible and444
near infra-red light is allowed to propagate by index guiding445
effect. Although it is not clear from Fig. 4(g) if 532 nm light446
is allowed to propagate, experimentally we observed that it447
can, even though the power levels may be smaller (Fig. 9(b),448
black). This is also true while the cladding capillaries were449
being filled (t > 360 s).450
The 532 nm signal shows a 20 s rise time, correspond-451
ing to the change from almost no guidance to full guidance452
in the fiber core at 360 s. The 633 nm signal shows a much453
longer rise time of ∼70 s (see data in Fig. 5), and hence the454
filling time of the core can be determined more accurately us-455
ing a 532 nm pump as this wavelength does not fall within456
the initial PBG of the fiber. It should be noted that the data457
in Fig. 5 is for a 0.5 M solution of glucose with an expected458
viscosity of 1.26 mPa s, and the data in Fig. 9(b) is for a 1 M459
glucose solution with an expected viscosity of 1.58 mPa s,460
which results in a longer filling time than shown in Fig. 5. This461
implies that using a different laser source may enhance the ac-462
curacy of the time measurements of the viscometer. The red463
trace in Fig. 9(b) shows the evolution of the Raman signal at464
3500 cm−1 (corresponding wavelength ∼654 nm). In this465
case, no signal is observed before 350 s, just like the PD sig-466
nal, after which a sharp increase in the count rate was mea-467
sured, again due to the core being fully filled.468
Once the core is filled and the capillaries continue to fill,469
the count rate of the inelastically scattered light starts to de-470
crease as the guiding mechanism changes slowly from index-471
guiding to a shifted PBG (red trace in Fig. 9(b)). To deter-472
mine if the time dependence of the signal is similar over the473
entire spectral range concerned, the intensity at a shift of at474
350 cm−1 (corresponding wavelength ∼542 nm) is plotted in475
green in Fig. 9(b). A lower count rate is observed, but the476
decay in signal is similar to that at 654 nm. One of the rea-477
sons for this decay may be that the modal distribution changes478
when shifting from strong index-guiding, for the core-only479
filled case, to weakly guidance once fully filled, reducing the 480
power density of the signal, and hence reducing the backscat- 481
tered signal. 482
Nevertheless, from the results, it is clear that an optimum 483
Raman scatter can be obtained from a fiber when only the core 484
is filled, and when the source is carefully selected to maximize 485
the signal. 486
IV. CONCLUSIONS 487
We successfully utilized a novel technique to determine 488
when the core and capillaries of a HC-PCF are filled with liq- 489
uid, and thus determine the average velocity of the liquid, and 490
hence its viscosity. The HC-PCF is identified as an ideal ves- 491
sel for the viscosity measurement of nanoliter quantities of 492
sample, especially important for applications in pharmaceuti- 493
cal and biosciences areas. We analysed the technique for glu- 494
cose and fructose solutions in PBS, and demonstrated good 495
agreement with values previously published in the literature. 496
Our viscometer has the additional advantage of being easily 497
integrated to a Raman scattering systems, allowing simulta- 498
neous analysis of viscosity and Raman spectral information. 499
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